Objectives. To estimate the multi-dimensional health impact of radiographic knee OA and quantify the overall health-related quality of life (HRQoL) burden, using a preference-based health utilities measure.
Introduction
Knee OA is one of the leading causes of global disability [1] . Patients with clinically diagnosed knee OA report lower health-related quality of life (HRQoL) than healthy controls across many dimensions of health, including pain, mobility, physical functioning, limitations in work and other daily activities, quality of sleep, emotional distress, social isolation, energy and depression [28] . However, the association between radiographic features of knee OA and clinical outcomes is less clear. Several studies suggest a notable 'discordance' between radiographic and symptomatic OA: many patients with radiographic knee OA show little or no disease symptoms while others with apparently normal radiographs report symptoms consistent with clinical OA [914] . Nevertheless, those with radiographic OA have, on average, a substantially higher prevalence of symptoms such as pain, stiffness and loss of joint function [1518] .
Previous studies of the HRQoL impact of radiographic knee OA have, for the most part, focused on disease-specific instruments such as the WOMAC Osteoarthritis Index and the Knee injury and Osteoarthritis Outcome Score. These measures, which have been extensively validated and have high sensitivity to changes in health outcomes relevant to knee OA, assess primarily pain and physical function [1926] . Analysis of the impact of knee OA on patients' overall HRQoL, however, requires consideration of a broader range of the dimensions of overall health. Generic, rather than disease-specific, HRQoL instruments can be used to provide this broader perspective [19, 22, 23] . Meaningful comparison of the HRQoL burden of OA with that of other diseases or the economic evaluation of treatments to reduce OA prevalence or mitigate the impact of disease symptoms, moreover, requires the construction of preference-based utility scores to assign valuations to the states described by the HRQoL instrument. Widely used generic HRQoL indices with preference-based utility scores include the EuroQol-5D (EQ-5D) [27] , the Health Utilities Index [28] and the Short-Form-6D (SF-6D) [29] .
This study investigates the impacts of radiographic knee OA across the six dimensions-Physical Functioning, Role Limitations, Social Functioning, Pain, Mental Health and Vitality-of the SF-6D and provides estimates of the resulting overall HRQoL loss.
Methods

Study populations
The Osteoarthritis Initiative (OAI) is a large multicentre prospective cohort study of US adults with or at high risk of developing knee OA. Baseline personal interviews, clinical examination and radiographic imaging of 4796 participants were conducted between February 2004 and September 2006, with to date 9 years of annual followup. Full details of the study design and methods of the OAI are available on the OAI Online website (http://www.oai. ucsf.edu). Radiographic image assessments of the tibiofemoral joint were available for all participants at each annual visit until the 4-year follow-up, and for a subset of participants at the 6-and 8-year visits. In this study, we pooled data from all participant visits in which radiographic knee OA [defined as a KellgrenLawrence (K-L) grade of at least 2 in either knee] was observed, giving a total of 12 375 visits by 2895 participants.
While the OAI also includes data from a cohort without radiographic OA at baseline, these are not representative of the general population as participants were selected on being at high risk of developing knee OA. To provide a valid general population reference group, we used data from the National Health Measurement Study (NHMS) [30] , a nationally representative cross-sectional population survey of 3844 US adults undertaken in 200506. For comparability with the OAI cohort, we restricted the sample to the 3202 respondents aged 545 years.
Ethical approval was not required for this study. The OAI was approved by institutional review boards at the participating sites, and written informed consent was obtained from each participating subject.
Outcome measures
Both the OAI and NHMS collected self-reported data on current health status at each interview using the SF-12 instrument, a 12-item multidimensional health-status questionnaire [31] . For this study, we computed the SF-6D health state classification and its associated preference-based index score from the SF-12 [29] . The SF-6D reduces the 12 questions of the SF-12 to six dimensions capturing Physical Functioning, Role Limitations, Social Functioning, Pain, Mental Health and Vitality. Each of these dimensions describes health status on between three and five levels, with lower levels corresponding to better health states (Table 1 ). The preference-based utility scores assigned to each SF-6D health state were based on valuations by a representative sample of the UK general population, using the Standard Gamble technique [29] .
Confounding variables
We included a number of potential confounding variables for which data were available in both the OAI and NHMS. All regression estimates reported in this paper have been adjusted for age and BMI (both with a quadratic specification), sex, ethnicity (white non-Hispanic/black nonHispanic/other) and educational attainment (less than high school graduate/high school graduate/some college education/college degree/graduate degree).
The presence of comorbid conditions is another potentially important confounder [32, 33] . The information collected on comorbidities in the NHMS and OAI was mostly not directly comparable, however, and was only collected in a subset of the OAI visits, limiting our ability to adjust for these conditions. Nevertheless, as an additional test we have also estimated regressions adjusting for the three conditions-stroke, diabetes and respiratory and lung conditions-for which some comparable data are available.
Statistical analysis
The OAI cohort is known to under-represent OA patients in poor self-assessed health, introducing a potentially important source of bias in our comparisons of the OAI radiographic OA and the NHMS general population samples [34] . OAI participants were recruited into the study by the targeted distribution, in four study centres, of a recruitment brochure describing the study aims, eligibility criteria and what would be expected of participants, and asking interested potential participants to contact the relevant study clinic for eligibility screening [35] . As those in poor self-assessed health would, presumably, be less likely to volunteer to attend the regular interviews and clinic visits required by the study, the resulting sample may have been affected by selection on the outcome variable of interest (SF-6D health status).
If this was the case, direct comparisons of OAI participants with the general population would result in underestimates of the true health burden of OA, even after adjusting for observable participant characteristics. We note, however, that this bias would not be evenly distributed across the outcome levels of the SF-6D: the effect of self-selection should be strongest at the most severe end of the HRQoL distribution (i.e. for the states directly affected by the under-sampling in the OAI), while the effect should be small for the least severe health states (as long as the proportion of the sample in the most-affected states is not too large). We therefore decided to test this hypothesized selection effect by comparing estimated effects at different SF-6D levels and, if the effect was confirmed, to use estimates derived from the least severe health states as the most robust to potential selection bias caused by voluntary entry into the OAI study.
We first tabulated each of the SF-6D dimensions for the general population and the OA subsamples, the latter stratified by radiographic severity (measured as the highest K-L grade recorded in either knee). According to the hypothesized selection effects, the strongest negative effects of OA on HRQoL should be observed at the least severe end of each SF-6D dimension, with progressively smaller effects at higher levels.
We next estimated the effect of knee OA severity on each dimension of health status (except Role Limitations) using generalized ordinal logistic regression [36, 37] , adjusting for all of the confounding variables identified above. [The Role Limitations dimension combines two distinct items from the SF-12 questionnaire, namely Role Limitations-Physical and Role Limitations-Emotional (Table 1) ; as there is no unambiguous ordinal relationship between these two items, multinomial logistic regression was used for this dimension.]
Generalized ordinal logistic regression relaxes the proportional odds assumption of the standard ordinal logistic model, allowing the estimated odds ratios to differ at each level of the dependent variable. According to the hypothesized selection effect, the estimates at higher (more severe) levels of each dimension should be most affected by selection bias, with the best approximation of true population effects given by the first (least severe) level estimates. These first-level estimates should also be the most directly comparable to the multinomial regression estimates for the Role Limitations dimension, which is defined by the proportion in the least severe versus all other levels on the two subcomponents. (Note that this also implies that the increasing pattern of selection bias hypothesized for the other dimensions is not expected to be observed for Role Limitations.) The generalized ordinal logistic model was estimated in Stata 13 using the usercreated gologit2 program [38] . Clustered standard errors, at the individual level, were calculated to reflect potential correlations between repeated observations on the same individuals in the OAI sample.
Lastly, we used the distribution of health states in the general population sample and the estimated effects of radiographic OA to calculate the average HRQoL loss at each of K-L grades 2, 3 and 4. The SF-6D health utility score includes direct (additive) detriments from full health for problems on each of the six dimensions, as well as an additional detriment if any dimension is at one of the 'most severe' levels. This latter term depends on the (conditional) joint distribution of the six dimensions, and could https://academic.oup.com/rheumatology not be directly predicted by our regression estimates; we generated lower and upper bounds for this effect by assuming maximal (positive) correlation or full independence across all dimensions, respectively.
Results
Participant characteristics
Of the 12 375 OAI participant visits in which radiographic knee OA was confirmed, complete data on all variables were available for 12 036 (97%), allowing these observations to be used in the analysis in this study. In the NHMS dataset, complete data were available for 3053 (95%) respondents, making up our general population reference sample. Descriptive statistics for both the NHMS and OAI subsamples are presented in Table 2 . Compared with the general population, the OAI subsamples with radiographic knee OA were older, had higher BMI, had higher proportions of black and lower proportions of hispanic/other ethnicities, and had higher levels of educational attainment. At K-L grades 2 and 3 they also had higher proportions of women, while at K-L grade 4 this share was lower than in the general population.
SF-6D outcomes in the general population and the OAI As hypothesized, the OAI subsamples had significantly lower proportions than the general population reporting the least severe health states (in all dimensions except Social Functioning), indicating a negative effect of OA on HRQoL, but also significantly lower proportions in the worst health states suggesting self-selection into the OAI study (Table 3) . While there was no negative effect of radiographic knee OA on the Social Functioning dimension, even for mild health states, the same pattern of self-selection bias was also found on this dimension. As expected, the Role Limitations dimension, which does not have the ordinal scale of the other five dimensions, showed no evidence of such self-selection bias.
For Physical Functioning, Pain and Role LimitationsPhysical, the negative effect of knee OA was monotonically increasing with radiographic severity. For Vitality and Social Functioning there was no significant difference in effects across radiographic severity levels, while for Mental Health (at K-L grade 3 only) and Role Limitations-Emotional the effects were slightly smaller at K-L grades 3 and 4 compared with grade 2.
Regression analysis
The hypothesized effects of self-selection into the OAI cohort were also evident in the regression results after adjusting for observed covariates: in all dimensions except Role Limitations, and across all K-L grades, the estimated odds ratios (the negative effects of OA on HRQOL) were strongly decreasing with the health outcome level (Table 4) . We therefore focus on the firstlevel estimates to minimize the effects of selection bias. (Full regression results for all variables are available in  supplementary Tables S1S6, available at Rheumatology online.)
Using these estimates, the presence of radiographic knee OA was found to be significantly associated with worse health outcomes in all dimensions except for Social Functioning. For the dimensions related to physical health (Physical Functioning, Pain and levels 2 and 4 of Role Limitations), outcomes were worsening in radiographic disease severity, while the remaining dimensions (see supplementary Tables S7 and S8 , available at Rheumatology online).
Effect on overall HRQoL
The total direct HRQoL detriment across all six dimensions implied by these estimates was 0.032 (on a 01 scale) for K-L grade 2, increasing to 0.037 for grade 3 and 0.062 for grade 4, with the largest contributions coming from the Mental Health (at K-L grade 2) and Pain (at K-L grades 3 and 4) dimensions (Table 5 ). The further contribution of having any 'most severe' healthstate levels was estimated to be between 0.008 and 0.012 for K-L grade 2, between 0.008 and 0.013 for grade 3, and between 0.011 and 0.019 for grade 4. We therefore found the total HRQoL detriments of K-L grades 2, 3 and 4 radiographic knee OA to be 0.0400.044, 0.0450.050 and 0.0730.081, respectively.
Discussion
Our findings confirm the substantial HRQoL impacts of knee OA. Patients with radiographic knee OA were found to have significantly worse self-reported HRQoL than the general population reference sample in all dimensions except Social Functioning. This effect was increasing in the radiographic severity of OA for the physical health dimensions of the SF-6D, while the emotional and 
Physical Functioning Levels 2 and 3 vs level 1 1.4 (1.3, 1.7) 1.7 (1.5, 2.0) mental health dimensions showed no or decreasing association with radiographic severity. A key contribution of this study is the quantification, using a preference-based measure of health utilities, of the HRQoL impact of knee OA. For economic evaluations, such as analysis of the cost-effectiveness of interventions (in terms of their incremental cost per quality-adjusted life year gained), or the cross-disease comparison of health outcomes, such a preference-based index is essential. The estimated effect of radiographic knee OA of between 0.040 and 0.073 depending on disease severity is consistent with the value of 0.064 previously estimated for all-site, all-severity doctor-diagnosed OA [39] and is comparable to that of other chronic conditions such as angina (0.041), blindness/low vision (0.050) and chronic obstructive pulmonary disease (0.067) [39] . The Global Burden of Disease Study 2010 also reports comparable disability weights for a broader category of 'musculoskeletal problems: legs', with values of 0.023, 0.079 and 0.171 for mild, moderate and severe levels, respectively (defined by symptomatic rather than structural disease severity) [40] .
The results also highlight the multidimensional nature of OA-related health loss. While Pain contributed the largest component of the total HRQoL loss, at least in the more severe radiographic grades, there were also significant contributions from Mental Health, Vitality and Role Limitations. Loss of physical functioning, a key clinical symptom of knee OA and an important aspect of disease-specific quality-oflife measures, contributed only a small share (directly) to the estimated total HRQoL burden of OA.
The relationship of radiographic disease severity to health outcomes reveals another aspect of the multidimensionality of OA. The physical dimensions of health-Physical Function, Pain and Role LimitationsPhysical-showed progressively worse outcomes in more severe radiographic grades, while mental and emotional health-energy, feelings of depression and roleemotional limitations-showed little association with radiographic disease severity. The design of the study does not allow for drawing of any conclusions regarding causation, but it is plausible that this may be a symptom of 'response shift', as patients adjust the implicit reference points used in evaluation of their current health to reflect their expectations and experiences of chronic disease [41, 42] . While physical health continues to decline as the disease progresses, patients may adjust their mental and emotional expectations of health in line with expected disease progression. As those in more severe radiographic grades have, on average, spent longer in OA-affected health states, they will have had more time to adjust to their chronic disease, potentially mitigating the impact of OA severity on mental and emotional health.
Limitations
The radiographic OA and general population subsamples used in this analysis were collected from different studies, with different target populations, recruitment strategies and data collection methods. While our regression analysis adjusted for many important characteristics known to differ between the two samples, there were likely still uncontrolled confounders, including the prevalence of comorbid conditions, that may have affected our findings. We note, however, that the (admittedly limited) available data showed no evidence that the OAI samples had higher levels of comorbidities that might account for differences in HRQoL, while our estimates were largely unchanged after also adjusting for these conditions. Self-selection into the OAI cohort on the basis of selfassessed health status could also have biased our estimates of the effect of OA on HRQoL. As suggested by the generalized ordinal regression results, such selection effects should be strongest at the most severe levels of the SF-6D. Estimates from the least severe levels, as reported here, should therefore provide the closest approximations to the true effects that would be observed in the absence of self-selection bias. Nevertheless, the direction of bias induced by sample self-selection means that our results should be considered conservative estimates of the effect of knee OA on HRQoL outcomes. One may also be concerned that the OAI participants may be more likely than others with radiographic OA to have OA symptoms (as they have selected into a study of OA outcomes), and hence our results may overstate the average health loss among the total radiographic OA population. There is no evidence of such a selection bias in the data: among the OAI sample with radiographic OA, the proportion with symptomatic OA (defined as pain, aching or stiffness on most days) is very similar to that observed in populationrepresentative radiographic OA cohorts [17, 43] .
Unlike the OAI data, which were based on standardized bodily measurements collected by trained examiners, the BMI data in the NHMS general population survey were derived from respondents' self-reported height and weight. It is well-known that such self-reported data tend to underestimate true BMI, especially in older adults [4446] . As BMI is associated with poorer health on all SF-6D dimensions, this possible measurement error is likely to bias downward our estimates of the true impact of OA. If self-reported BMI was understated by 3% [45] , for example, our estimates of the overall HRQoL detriment of radiographic knee OA would increase by around 0.003 for each K-L grade (see supplementary Table S9 , available at Rheumatology online).
Lastly, radiographic imaging was not available for the general population sample, so we were unable to construct a comparator group without radiographic OA. As our general population group will therefore contain some respondents with radiographic changes consistent with knee OA, our results will be conservative estimates of the true HRQoL impact of having radiographic knee OA (i.e. compared with an equivalent group with no radiographic OA).
Conclusion
This study has documented the HRQoL loss associated with radiographic knee OA across the six dimensions of the SF-6D health-status instrument. In line with previous work, the HRQoL impacts of knee OA were found to be substantial. As this analysis has demonstrated, preference-based measures of health status such as the SF-6D and the EQ-5D can provide valuable tools to quantify the HRQoL burden of disease; we suggest that such measures should be routinely collected as part of health outcome studies, to facilitate economic evaluation and allow cross-disease comparability.
